Abstract. Crystallographic orientation dependence of Gilbert damping constant, !, has been measured under different static magnetic fields for Fe 70 Co 30 (100) single-crystal thin film samples prepared at various substrate temperatures. Lorentz type resonance peaks are observed for the samples prepared below 200 ºC. For a sample deposited at 400 ºC, broadening of the resonance peak is observed, which is related with an increased surface roughness. ! value decreases monotonically with increasing the static field when the field is applied parallel to the easy magnetization axis, whereas it increases when the field is applied along the hard magnetization axis up to around the anisotropy field and then decreases. The minimum value of ! is determined to be 0.012 for the hard axis under static fields greater than 650 Oe. The value is twice larger compared with that of Fe (100) 
Introduction
Understanding the dynamic magnetization process in magnetic thin films is strongly required for developments of high-frequency magnetic devices such as magnetic recording heads and random access memory devices [1, 2] . Ferromagnetic resonance (FMR) is a useful technique to evaluate dynamic magnetic properties of magnetic thin films. Two types of FMR measurements are widely used. One is the method using a microwave cavity where the FMR line width is measured by sweeping the magnetic filed at a fixed frequency [3, 4] . The other is the method employing a vector network analyser (VNA) where the frequency is swept under a fixed magnetic field [5] [6] [7] . Dynamic magnetic properties at arbitrary magnetization states of a sample are important for the actual devices which operate under various magnetic fields [8] . FMR signals are easily observed by using a VNA technique under various magnetic fields. Epitaxial Fe-Co alloy films are widely used in magnetic tunnelling junction devices.
In the present study, dynamic magnetic properties of Fe 70 Co 30 (100) single-crystal thin film are investigated by broadband FMR employing a VNA [7] . FMR properties are known to be influenced by not only an intrinsic property of magnetic material but also extrinsic factors such as crystallographic defects, surface roughness, etc. [9] . In order to investigate the effect of crystallographic quality on dynamic magnetic properties, Fe 70 Co 30 films are prepared by changing the substrate temperature. The dynamic properties are compared with those of Fe(100) single-crystal film in order to clarify the effects of extrinsic factors.
Experimental procedures
Fe 70 Co 30 (100) single-crystal thin films and an Fe(100) single-crystal film with thickness of 40 nm were prepared by using an UHV-RF magnetron sputtering system equipped with a reflection high energy electron diffraction (RHEED) facility on MgO(100) single-crystal substrates. An Fe 70 Co 30 (at. %) alloy target was employed and the substrate temperature for film deposition was varied between RT and 400 ºC. An Fe film was also deposited at 200 ºC by employing an Fe target (>99.9 at. % purity). The film structure was investigated by RHEED and X-ray diffraction (XRD) with Cu-K! radiation ("=0.15418 nm). The surface morphology was observed by atomic force microscopy (AFM). Static magnetic properties were measured by using a VSM. A VNA was used to measure dynamic magnetic property covering up to 13 GHz, where RF magnetic field was applied orthogonally to the static magnetic field using a shorted micro-strip line [7] . The resonant frequency was determined as a frequency when an experimental complex permeability, #", showed maximum. Gilbert damping constant, !, was estimated by a fitting of #" between experiment and calculation as mentioned in the next section.
3 Analytical model of Polder tensor for (100) single crystal film Polder tensor [10] is widely used to analyze complex permeability of magnetic film based on Landau-LifshitzGilbert (LLG) equation. However the Polder tensor is not suitable for (100) single-crystal film which has a fourfold symmetry of magnetic anisotropy field. Therefore, a modified model including anisotropy field is developed. In an orthogonal x-y-z coordination, the z-axis is set along a static magnetic field and the film is set in the x-z plane. RF magnetic field is applied in the x-y plane. The LLG equation is expressed using magnetic field, H eff , as,
, where M is the magnetization of film, 1 is gyromagnetic constant, ! is Gilbert damping constant, M S is the saturation magnetization of film, H d is the demagnetization field, H a is the anisotropy field, h x and h y are radio-frequency magnetic fields along the x and the y direction, and H z is the static magnetic field along zaxis. The solutions of equation (1) are given in the formulae (2) and ( . Fig. 1 . The film deposited at RT shows very flat surface with the R a =0.25 nm. However with increasing the deposition temperature, R a increases to 0.39 nm (200 ºC), and 2.14 nm (400 ºC). Many deep holes around 20 nm in depth are observed for the film deposited at 400 ºC. Such surface roughness is expected to give some influence on the dynamic magnetization properties [9] . 
Static magnetic properties
Magnetization curves for Fe 70 Co 30 (100) thin films and an Fe(100) thin film are shown in Fig. 2 respective anisotropy fields. For example, for the film deposited at RT, the applied field when the magnetization curve is closed is 750 Oe, which is about 7 times larger than the anisotropy filed. Similar tendency is observed for the films deposited at 200 ºC and 400 ºC. The feature indicates that the magnetization process of Fe 70 Co 30 (100) thin film is different from a coherent rotation mode. For comparison, the magnetization curves of 40nm-thick Fe(100) film prepared at 200 ºC are also shown in Fig. 2  (d) . The anisotropy field is 500 Oe. The magnetization curve is closed under an applied field of 100 Oe, which is much smaller than the anisotropy field. Therefore, the magnetization process of Fe(100) thin film is apparently following a coherent rotation mode. -500 1,000 500 directions. Lorentz type resonance peaks are observed for the samples prepared below 200 ºC. For the sample prepared at 400 ºC, a broadening of the resonance peak is observed, which seems to be related with the increased surface roughness. The resonance frequency measured along [001] for the film deposited at RT is lower than that of the film deposited at 200 ºC, which indicates that the anisotropy filed increases with increasing the deposition temperature. The shape variation of complex permeability in Fig. 3 suggests that an extrinsic property is giving an influence on the dynamic magnetization property. Figure 4 shows the effect of static magnetic field on resonant frequency, when the field is applied along the easy axis of with those evaluated from the static magnetization curves in Fig. 2 . There is no much difference for the samples deposited at RT. On the contrary, the anisotropy field of film deposited at 400 ºC determined from dynamic magnetic property is twice as large as that determined f r o m t h e m a g n e t i z a t i o n c u r v e . T h e d y n a m i c magnetization is apparently influenced by an extrinsic property, possibly by the deep holes existing in the film. 
Dynamic magnetic properties

